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I n t r o d u c t i o n  

The p l a s t i c i t y  of bi tuminous coa ls  i n  t h e  range 350-5OO0C i s  of c r i t i c a l  
importance i n  thermomechanical f l u i d i z a t i o n  such  a s  i s  r e q u i r e d  f o r  c o a l  pump- 
i n g  by heated screws (1-3) and i n  hydrogeno lys i s  i n  t h e  absence of added s o l v e n t  
( 4 , s ) .  The f a c t  t h a t  t h e  optimum r e a c t i o n  t empera tu res  f o r  t h r e e  major c u r r e n t  
l i q u e f a c t i o n  t e c h n o l o g i e s  a r e  n e a r l y  i d e n t i c a l  (6)  and a r e  c l o s e  t o  t h e  f l u i d i t y  
maxima f o r  many p l a s t i c  c o a l s  s u g g e s t s  t h a t  t h e  p rocesses  comprising c o a l  "melt- 
ing" are c r i t i c a l l y  impor t an t  t o  h y d r o l i q u e f a c t i o n .  More g e n e r a l l y ,  c o a l  plas-  
t i c i t y  i s  obv ious ly  invo lved  i n  caking problems (7-10). 

The most w ide ly  used  method of measuring c o a l  p l a s t i c i t y  w a s  developed by 
G i e s e l e r  (11). With minor  mod i f i ca t ions  t h i s  remains a s t a n d a r d  procedure ( 1 2 ) ;  
i ts r e l a t i o n s h i p  t o  o t h e r  measurements h a s  been d i scussed  elsewhere (13) .  This  
method measures t h e  r e s i s t a n c e  of a mass of well-packed pu lve r i zed  c o a l  t o  t h e  
r o t a t i o n  o f  a rabble-arm st irrer which is d r i v e n  through a cons t an t - to rque  c l u t c h .  
A t  low t empera tu res  t h e  s o l i d  mass completely immobil izes  t h e  st irrer s h a f t .  I n  
t h e  s t a n d a r d  G i e s e l e r  p rocedure  t h e  coa l  is  h e a t e d  a t  a uniform r a t e  of 3"C/min. 
A s  t h e  c o a l  b e g i n s  t o  s o f t e n  -- t y p i c a l l y  a t  abou t  390'C -- t h e  s t i r r e r  s h a f t  
commences t o  t u r n  s lowly.  A s  t empera tu re  i n c r e a s e s  t h e  c o a l  becomes more f l u i d  
and t h e  s h a f t  t u r n s  more r a p i d l y ,  e v e n t u a l l y  a c h i e v i n g  a maximum r a t e .  The c o a l  
m e l t  -- a c t u a l l y  a he te rogeneous  mixture  of s o l i d s ,  molten phase and gaseous 
p y r o l y z a t e  -- t h e n  undergoes a th i cken ing  o r  "coking"; t h e  st irrer s h a f t  t u r n s  
p r o g r e s s i v e l y  more s l o w l y ,  and e v e n t u a l l y  s t o p s .  Gieseler d a t a  a r e  recorded i n  
u n i t s  of d i a l  d i v i s i o n s  per min (ddpm), where 100 ddpm = 1 s h a f t  r o t a t i o n  pe r  min. 
For t h r e e  bi tuminous c o a l s  of v a r y i n g  p l a s t i c i t y  t h e  s t anda rd  G i e s e l e r  d a t a  a r e  
shown i n  Table 1. 

The I so the rma l  bfodel 

It i s  o f t e n  u s e f u l  t o  s tudy  phenomena under i s o t h e r m a l  cond i t ions .  Gieseler 
p la s tome t ry  l e n d s  i t s e l f  t o  such s t u d i e s ,  s i n c e  sample warmup t ime i n  t h e  s t anda rd  
c r u c i b l e  (2-3 min.) is s h o r t  i n  comparison w i t h  t h e  u s u a l  me l t ing /cok ing  time 
s c a l e  (20-120 min.). I so the rma l  G i e s e l e r  p l a s tome t ry  h a s  been explored by F i t z -  
g e r a l d  (14,15) and by Van Krevelen and coworkers (16,17) .  
a g a i n s t  time shows a l o n g  l i n e a r  coking r e g i o n  (14,15) .  

A p l o t  of log(ddpm) 

F igure  1 (open c i r c l e s )  shows t h e  i s o t h e r m a l  p l a s t o m e t r i c  cu rves  a t  410-2°C 
o b t a i n e d  with t h e  t h r e e  c o a l s  desc r ibed  i n  Table  1. Both t h e  maximum f l u i d i t i e s  
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and t h e  p e r i o d s  of f l u i d i t y  are seen to  vary  s u b s t a n t i a l l y  among t h e s e  c o a l s .  

The l i n e a r i t y  of t h e  coking s l o p e s  has  been i n t e r p r e t e d  t o  imply a sequence 
of  f i r s t - o r d e r  r e a c t i o n s  (14-17): 

c + 11 k (  i n i t )  ( f i r s t - o r d e r  mel t ing)  (1) 

M + S  k(coke) ( f i r s t - o r d e r  coking)  ( 2 )  

where C,  M and S r e p r e s e n t  t h e  m e l t a b l e  p o r t i o n  of t h e  o r i g i n a l  c o a l ,  t h e  f r a c -  
t i o n  which is  molten ( m e t a p l a s t ) ,  and t h e  f r a c t i o n  which i s  r e s o l i d i f i e d  (coked). 
This  scheme g i v e s  rise t o  t h e  r a t e  l a w :  

d[Ml/dt = ki[C] - kc[M] ( 3 )  

There are two problems w i t h  t h i s  scheme. 
curves  which resemble observed curves .  S p e c i f i c a l l y ,  i t  p r e d i c t s  t h e  r a t e  of 
i n c r e a s e  of  f l u i d i t y  d u r i n g  t h e  s o f t e n i n g  process  t o  d e c e l e r a t e  p r o g r e s s i v e l y ,  
w h i l e  i n  f a c t  t h i s  i n c r e a s e  i s  e x p o n e n t i a l  w i t h  t ime over most of t h e  m e l t i n g  
per iod .  Second, t h i s  scheme s p e c i f i c a l l y  assumes t h a t  Gieseler f l u i d i t y  i s  a 
l i n e a r  measure of  t h e  molten f r a c t i o n  o r  m e t a p l a s t ;  b u t  t h a t  assumption is m i s -  
t aken ,  as w e  w i l l  show. 

F i r s t ,  i t  does n o t  g e n e r a t e  model 

For t h e  purpose of more c l o s e l y  modeling t h e  a c t u a l  i s o t h e r m a l  c u r v e s  we 
propose a second mel t ing  p r o c e s s ,  such t h a t  t h e  rate of i n c r e a s e  of f l u i d i t y  i s  
dependent upon t h e  c o n c e n t r a t i o n s  of  bo th  m e t a p l a s t  and unmelted f r a c t i o n :  

C + M  -+ 2 M  k (me1 t ) (4)  

The r a t e  l a w  now a c q u i r e s  a t h i r d  term: 

dF/dt = ki[C] + km[C][M] - kc[Ml (5) 

(We use F f o r  f l u i d i t y ,  r a t h e r  t h a n  [MI f o r  m e t a p l a s t ,  on t h e  l e f t - h a n d  s i d e ) .  
The v i r t u e  of Equation 5 is  t h a t ,  f o r  most i s o t h e r m a l  runs ,  i t  can  p r o v i d e  a 
f a i r l y  good f i t  t o  t h e  exper imenta l  d a t a ,  and t h e r e f o r e  can d e f i n e  t h e  exper i -  
mental  curves  i n  terms of numer ica l  c o n s t a n t s  a s s o c i a t e d  w i t h  t h e  m e l t i n g  and 
coking processes .  
t i o n  5 model, u s i n g  t h e  v a l u e s  g iven  i n  Table  2. 
model t h a t  t h e  exper imenta l  p o i n t s  i n  t h e  v i c i n i t y  of maximum f l u i d i t y  tend  t o  
b e  h i g h e r  t h a n  t h o s e  genera ted  by t h e  model. 
bubbles ,  which l e a d  t o  anomalously h igh  exper imenta l  readings .  

The s o l i d  p o i n t s  i n  F i g u r e  1 a r e  v a l u e s  genera ted  by  t h e  Equa- 
It is a c h a r a c t e r i s t i c  of  t h i s  

T h i s  may r e f l e c t  format ion  o f  gas  

In apply ing  t h i s  model, t h e  l e a s t - s q u a r e s  m e l t i n g  and coking slopes are 
c a l c u l a t e d  from t h e  exper imenta l  d a t a ;  w e  use a l l  d a t a  between 1 ddpm and one 
f o u r t h  t h e  maximum observed f l u i d i t y .  The e x t r a p o l a t e d  maximum f l u i d i t y  (emf) 
and t h e  t i m e  of maximum f l u i d i t y  are taken  from t h e  i n t e r s e c t i o n  of  t h e s e  s l o p e s .  

From t h e s e  d e t e r m i n a t i o n s ,  approximate v a l u e s  f o r  t h e  m o d e l  c o n s t a n t s  can 
b e  e s t i m a t e d  e m p i r i c a l l y  from t h e  cubic  equat ions :  
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- =  m(melt) -0.3179 + .71507 x R - .15991 x R2 + .012348 x R3 
k (me1 t ) 

(7)  

(8) 

- =  m(coke) -0.6934 + 1.1504 x R - .26779 x R2 + .020826 x R3 
k(coke) 

P ,n[k( in i t ) ]  = -16.127 + 2.8478 x P - .25098 x P2 + .005726 x P3 

where m(me1t) and m(coke) denote  t h e  me l t ing  and coking s l o p e s ,  R = m(melt) /  
m(coke), and P = [ (m(melt)  + m(coke)) x t(max f l u ) ] .  These equa t ions  g ive  f a i r l y  
good f i t s  when k(me1t) is i n  t h e  r ange  0.5 t o  4 min.-l and kccoke) is i n  t h e  range 
0.2 to 1.5 min.-l. T o  r e l a t e  t h e  concep tua l  molten f r a c t i o n  [MI t o  t h e  observed 
ddpm, the  emf from a model curve i s  compared w i t h  t h a t  from t h e  expe r imen ta l  curve. 
For  example, Ohio 1/9 seam c o a l  a t  411a h a s  an expe r imen ta l  emf of 81.3 ddpm, and 
a c a l c u l a t e d  emf ( u s i n g  t h e  k va lues  of Table  2 )  of [MI = 0.683. When each datum 
i n  t h e  model cu rve  i s  m u l t i p l i e d  by t h e  f a c t o r  81.3/0.683, t h e  model f l u i d i t i e s  
a r e  converted t o  u n i t s  of ddpm. [ D e t a i l e d  procedures  and programs f o r  t h e s e  
e s t i m a t e s  a r e  a v a i l a b l e  from t h e  a u t h o r s . ]  

E f f e c t  of Temperature 

I so the rma l  cu rves  w e r e  ob ta ined  upon Kentucky 811 seam c o a l  a t  f i v e  addi-  
t i o n a l  temperatures ,  i n  t h e  r ange  400-460°C. Values of t h e  model c o n s t a n t s  a r e  
given i n  Table  3.  An Arrhenius  p l o t  of t h e  model c o n s t a n t s  k(me1t) and k(coke)  
is shown i n  F i g u r e  2. 
( b e s t  5 of 6 d a t a )  i s  173 f 13 k J ;  t h a t  f o r  kccoke) ( a l s o  b e s t  5 of 6 )  is 228 t. 
6 kJ. 
(18,191. 
compared wi th  those f o r  a s p h a l t  (120-150 k J )  and g l a s s  (390-400 kJ)  (20,211. 

For  t h i s  c o a l  the  v a l u e  of t h e  appa ren t  E, f o r  k(me1t) 

V i s c o s i t i e s  commonly show an analogous " a c t i v a t i o n  energy of v i s c o s i t y "  
The appa ren t  Ea of maximum f l u i d i t y  is  approximately 600 k J ,  h igh  when 

When t h e  temperature  dependencies  f o r  t h e  pa rame te r s  of t h i s  model have been 
e s t i m a t e d  from t h e  d a t a  o f  Table 3, i s o t h e r m a l  cu rves  may be c a l c u l a t e d  f o r  any 
i n t e r p o l a t e d  t empera tu re ,  o r  f o r  any e x t r a p o l a t e d  t empera tu re  c l o s e  t o  t h e  range 
of expe r imen ta l  d a t a .  
Kentucky 811 seam c o a l ,  based upon d a t a  c a l c u l a t e d  f o r  t h e  range 392-468'C. 
curve is  an " i s o f l u i d i t y "  envelope,  open a t  t h e  top.  F igu re  3 i s  read  a long  hori-  
z o n t a l  ( i so the rma l )  l i n e s .  
g r e a t e r  than 1 ddpm) from 2 t o  30 min., and h a s  a f l u i d i t y  exceeding 100 ddpm from 
5 t o  20 min. 
d i f f e r e n t  c o a l s ,  may f i n d  use i n  a p p l i c a t i o n s  i n  which t h e  p l a s t i c  p r o p e r t i e s  of 
bi tuminous c o a l s  are impor t an t .  

D i scuss ion  

F i g u r e  3 shows a f a m i l y  of f l u i d i t y  envelopes f o r  t h e  
Each 

A t  430" t h i s  c o a l  e x h i b i t s  a p l a s t i c  pe r iod  ( f l u i d i t y  

This  p r o j e c t i o n ,  which w i l l  a f f o r d  markedly d i f f e r e n t  envelopes f o r  

The o rgan ic  s t r u c t u r e s  of c o a l s  a r e  numerous and va r i ed .  Bonds which the rma l ly  
c l e a v e  a t  u s e f u l  r a t e s  a t  390-400°C ( d i s s o c i a t i o n  e n e r g i e s  o f  210-230 k J )  a r e  no t  
t h e  same a s  t h o s e  c l eaved  a t  460" (240-260 k J ) .  
measurements i s  t o  c o n t r o l  t h i s  v a r i a b l e .  

A major  reason f o r  i s o t h e r m a l  

G i e s e l e r  f l u i d i t y  c a n  be r e l a t e d  t o  v i s c o s i t y  u n i t s  by c a l i b r a t i n g  w i t h  
s t a n d a r d  f l u i d s .  Measurements w i t h  t h e  p l a s tome te r  used i n  t h i s  s tudy  and wi th  
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a p p r o p r i a t e  s t a n d a r d s  (22) i n  t h e  range 500 - 10,000 p o i s e  y i e l d  a l i n e a r  c a l i -  
b r a t i o n :  

Iln(p0is.e) = 16.2789 - 0.96787 9.n (ddpm) (9)  

wi th  a c o r r e l a t i o n  c o e f f i c i e n t  of .9997. Actua l  c o a l  mel t s  are heterogeneous 
(7,161, p s e u d o p l a s t i c  (23) ,  and v i s c o e l a s t i c  i n  t h e i r  l a t e r  coking s t a g e s  (24) .  
It  is  n e v e r t h e l e s s  u s e f u l  t o  i n t e r p r e t  G i e s e l e r  f l u i d i t i e s  as e s t i m a t e s  of t r u e  
v i s c o s i t i e s .  

Nicodemo and N i c o l a i s  (25)  and Fedors (26)  have shown t h e  v i s c o s i t y  of 
Newtonian suspens ions  of s o l i d s  t o  conform t o  t h e  express ion:  

where n ,  no, and 4 are t h e  suspens ion  v i s c o s i t y ,  s o l v e n t  v i s c o s i t y ,  and s o l i d s  
f r a c t i o n .  Data obta ined  by Lee (27) show t h e  logar i thm of t h e  maximum f l u i d i t y  
of coa l  b lends  t o  vary  l i n e a r l y  w i t h  composition. These o b s e r v a t i o n s  a r e  t e l l i n g  
us t h e  same th ing:  t h a t  t h e  l o g a r i t h m  of  f l u i d i t y ,  n o t  f l u i d i t y  i t s e l f ,  is a 
d i r e c t  measure of t h e  molten f r a c t i o n .  I f  w e  assume t h a t  a f l u i d i t y  of 1 ddpm 
corresponds t o  t h e  maximum s o l i d  f r a c t i o n  Omax, we can p r o j e c t  t h e  r e l a t i o n s h i p :  

(11) tJ !Ln(F) = & n ( F " ) . [ 1  - - 1 
'max 

To use Equation 11 we need e s t i m a t e s  of  tJmX and of t h e  f l u i d i t y  of pure  
metaplas t ,  FO. 
spheres  is 0.63 (28,29).  This  f r a c t i o n  is h i g h e r  f o r  p o l y d i s p e r s e  s p h e r e s  (30)  
and f o r  some s i z e  d i s t r i b u t i o n s  may b e  as h i g h  as 0.9 (31). 
w i l l  assume a v a l u e  of $max of 0.80. 
P i t t s b u r g h  118 seam sample a t  412" (1.0 x lo6 ddpm) i s  t a k e n  as a rough e s t i m a t e  
of F a ,  we can e s t i m a t e  s o l i d  f r a c t i o n s  i n  o t h e r  c o a l s  from f l u i d i t i e s  a t  t h i s  
temperature.  F l u i d i t i e s  of 10, 100, 1,000 and 10,000 ddpm i n d i c a t e  s o l i d  f r a c -  
t i o n s  of approximately .67, .53, .40 and .27. The minimum v a l u e s  of @ f o r  Ohio 119 
and Kentucky 1\11 samples i n  Table 2 are approximately 0.55 and 0.41. 

The maximum s o l i d  f r a c t i o n  i n  a random d i s p e r s i o n  of monodisperse 

For c o a l  mel t s  w e  
I f  t h e  e x t r a p o l a t e d  maximum f l u i d i t y  of t h e  

The l i n e a r i t y  of l o g ( F )  w i t h  @ has  mechanis t ic  i m p l i c a t i o n s  as w e l l .  
left-hand of Equation 3 i s  more a c c u r a t e l y  expressed  as d Rn[M]/dt. 
of F igure  1 show l i n e a r  i n c r e a s e s  of m e t a p l a s t  w i t h  t i m e  i n  t h e  e a r l y  s t a g e s ,  
and l i n e a r  d e c r e a s e s  of  m e t a p l a s t  wi th  t i m e  (zero t l t  o r d e r  k i n e t i c s )  i n  t h e  l a t e r  
coking s t a g e s .  

The 
The curves  

Ext rus ion  pumping of c o a l s  i n  t h e  p l a s t i c  s t a t e  e n t a i l s  s u b s t a n t i a l l y  
i so thermal  o p e r a t i o n s  f o r  r e s i d e n c e  times of  a few minutes i n  t h e  screw (1-3). 
Severa l  c o a l s ,  i n c l u d i n g  those  of t h e  p r e s e n t  s t u d y ,  have been ex t ruded  w i t h  no 
d i f f i c u l t y  i n  JPL's 1.5-in. c o a l  pump. 
t i c i t y  ( l e s s  than  2 ddpm) were not  e x t r u d a b l e  (3) .  The i s o t h e r m a l  p las tomet ry  
p r o f i l e s  may prove t o  b e  a u s e f u l  t o o l  i n  p r e d i c t i n g  behavior  i n  c o a l  pumps. 
Recent ev idence  of t h e  s u b s t a n t i a l  e f f e c t  of p r e s s u r e  upon observed p l a s t i c i t y  
(10) i n d i c a t e s  t h a t  t h i s  v a r i a b l e  should be cons idered  i n  f u t u r e  work. 

Two c o a l s  which showed very  l i t t l e  p l a s -  
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Seam 

s o u r c e  

P rox ima te :  
m o i s t u r e  
a s h  
v o l .  m a t t e r  
f i x e d  c a r b o n  

U l t i m a t e : '  
c a rbon  
hydrogen  
n i t r o g e n  
s u l f u r  
oxygen 

H e a t i n g  v a l u e '  

T a b l e  1 

P r o p e r t i e s  of Three B i tuminous  Coals 

Ohio 89 

Noble Co. 

2.15% 
18.87 
39.40 
39.58 

79.41 
5.30 
1.13 
5.38 
8.78 

14,010 B t u / l b  

F r e e  s w e l l i n g  i n d e x  3 

P e t r o g r a p h i c  a n a l y s i s '  
e x i n o i d s  2.1% 
v i t r i n o i d s  70.1 
o t h e r  r e a c t i v e s  1.9 
i n e r t  m a c e r a l s  12.9 

ASTM G i e s e l e r  p l a s t o m e t r y  
s o f t e n i n g  T 398°C 
cok ing  T 462" 
max f l u  T 435" 
max f l u i d i t y  114 ddpm 

Kentucky 111 

Webster  Co. 

1.97% 
8.34 

41.19 
48.50 

82.21 
5.43 
1.36 
3.52 
7.48 

14,770 B t u / l b  

7 

5.1% 
76.3 

1.2 
11.0 

392'C 
474O 
435O 

6240 ddpm 

P i t t s b u r g h  88 

( f rom M E T C )  

0.79% 
8.65 

40.85 
49.71 

84.83 
5.49 
1.44 
2.92 
5.33 

15,290 B t u / l b  

7% 

4.0% 
75.3 
0.9 

13.7 

372°C 
485" 

(414-459")  
>>25000 ddpm 

_ _ _ _ _ _ _ _ - - _ _ _ _ _ _ _ _ _ _ - _ - - _ - _ - - - - - - - - - _ _ -  
As r e c e i v e d .  M o i s t u r e -  and  a s h - f r e e  b a s i s .  By d i f f e r e n c e .  
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F i o u r e  1. I s o t h e r m a l  n l a s t o m e t r i c  c u r v e s  of t h r e e  b i t u m i n o u s  c o a l s .  
A - Ohio F9 seam (Noble Co.) a t  411OC. B - Kentucky b l l  seam ( I l e b s t e r  Co.) 
a t  410°C. C - P i t t s b u r K h  h3 S e a n  ( f rom ::ETC) a t  412°C. 07en  c i r c l e s  a r e  
e x p e r i m e n t a l  d a t a ;  s o l i d  n o i n t s  are c a l c u l a t e d  by t h e  three-Tarameter  model 
( v a l u e s  g i v e n  i n  T a b l e  2). 

1 ;5 

F i g u r e  1 



T a b l e  2 

C h a r a c t e r i s t i c s  of  Three  I s o t h s r m a l  P l a s t i c  Curves  a t  410-412°C 

Ohio #9 Kentucky #11 P i t t s b u r g h  #8 
411°C 410°C 412’C 

M e l t i n g  s l o p e  0.425 0.621 1.084 
Coking s l o p e  -0.216 -0.151 -0.125 
Maximum f l u i d i t y ,  

ddpm’ 81 896 6 1.0 x 10 

T i m e  o f  maximum 
f l u i d i t y  ’ 14.34 15.42 15.75 

C a l c u l a t e d  v a l u e s  : 

‘k ( i n i  t ) 6.0 4.3 3.4 x 
k(me1t )  0.77 0.79 1.24 
k ( c o k e )  0.35 0.16 0.125 

’ By e x t r a p o l a t i o n  o f  m e l t i n g  and c o k i n g  s l o p e s .  
Using t h e  t h r e e - p a r a m e t e r  model  d e s c r i b e d  i n  t e x t .  Dimensions of  
k ( i n i t )  and k ( c o k e )  a r e  min-l ;  k (me1t )  is  min-l  mass f r a c t i o n - I .  

T a b l e  3 
E f f e c t  of Tempera tu re  upon the I s o t h e r m a l  P l a s t i c  Curves  o f  Kentucky 

811 Seam Coal  (40O-46O0C) 

Temperature,’C - 400. 410. 425.5 440. 449.9 460. 
M e l t i n g  s l o p e  0.172 0.621 1.35 1.60 2.57 5.3 

Maximum f l u i d i t y ,  

T i m e  of  maximum 

Coking s l o p e  -0.069 -0.151 -0.325 -0.679 -1.11 -1.56 

ddpm’ 44 896 2.58E4 3.34E4 8.89E4 2.21E6 

f l u i d i t y ’ ,  min. 25.82 15.42 11.14 8.12 6.30 4.13 

C a l c u l a t e d  v a l u e s  : * 
k ( i n i t )  1.2E-3 4.33-5 1.9E-6 3.OE-6 6.5E-7 4.3E-7 
k(me1t )  0.26 0.79 1.74 2.49 4.05 7.1 
k ( c o k e )  0.083 0.158 0.339 0.848 1.40 1.66 

’ 
* By e x t r a p o l a t i o n  of m e l t i n g  and c o k i n g  s l o p e s .  

See T a b l e  2, f o o t n o t e  2. 
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F i n u r e  2. A r r h e n i u s  deqendency of  t h e  model c o n s t a n t s  k ( n e 1 t )  
( c i r c l e s )  and k ( c o k e )  (diamonds)  f o r  Kentucky 811 seam coal 
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F i g u r e  3. I s o t h e r m a l  f l u i d i t y  e n v e l o n e s  f o r  Kentucky #ll seam c o a l  
A - l o 4  ddpm. B - lo3 ddpm. C - 10' ddqm. D - 1 0  dd?n. E - 1 d d y  
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